anisotropy (PMA). In ultrathin films, skyrmions can exhibit sub-nanometer scale size [8] [9] [10] [11] and move in response to an applied current with velocities exceeding 100 m s -1 [5] in a controllable [12, 13] and reliable [13] way. Therefore, they promise great technological utility for racetracktype memories, [14] logic gates, [15] probabilistic computing, [16] and neuromorphic devices, [17] for which they have to be readily created and manipulated. Homochiral skyrmions can be stabilized by the Dzyaloshinkii-Moriya interaction (DMI) [18, 19] in materials with strong spin-orbit coupling and broken inversion symmetry. Since asymmetric multilayer stacks of a ferromagnet and a heavy metal [5] [6] [7] possess DMI and can also exhibit large current-induced spin-orbit torques that can provide an efficient means to create and manipulate skyrmions, [20] [21] [22] these systems are now a central focus of current research. Magnetic skyrmions can exist as isolated topological excitations, [23, 24] or as ordered arrays (hexagonal lattice) comprising the magnetic ground state, [2, 5] depending on material and Magnetic skyrmions promise breakthroughs in future memory and computing devices due to their inherent stability and small size. Their creation and current driven motion have been recently observed at room temperature, but the key mechanisms of their formation are not yet well-understood. Here it is shown that in heavy metal/ferromagnet heterostructures, pulsed currents can drive morphological transitions between labyrinth-like, stripe-like, and skyrmionic states. Using high-resolution X-ray microscopy, the spin texture evolution with temperature and magnetic field is imaged and it is demonstrated that with transient Joule heating, topological charges can be injected into the system, driving it across the stripe-skyrmion boundary. The observations are explained through atomistic spin dynamic and micromagnetic simulations that reveal a crossover to a global skyrmionic ground state above a threshold magnetic field, which is found to decrease with increasing temperature. It is demonstrated how by tuning the phase stability, one can reliably generate skyrmions by short current pulses and stabilize them at zero field, providing new means to create and manipulate spin textures in engineered chiral ferromagnets.
environmental parameters. The skyrmion lattice state [25] in bulk materials resides in a well-defined pocket of field-temperature phase space, separated from other morphologies such as the spin-spiral and uniform ferromagnetic states. Transitions among these states have been well-characterized in bulk B20-compounds [26] and in symmetric Fe/Gd ferrimagnetic multilayers, [27] but less so in applications-relevant ferromagnet/ heavy-metal heterostructures. [5] In such materials, skyrmion creation has been demonstrated using inhomogeneous in-plane currents in planar structures with patterned constrictions, [28, 29] at defects due to the action of current-induced spin-transfer or spin-orbit torques [22, [30] [31] [32] [33] and with homogeneous current if a skyrmion nucleation center is already present. [34] However, these mechanisms rely on extrinsic effects and the existing studies provide little insight into the energetics and thermal stability of skyrmions with respect to other magnetic states. Moreover, although the large current densities involved in heavy-metal/ferromagnet multilayers often result in significant Joule heating that can directly affect the nucleation of magnetic skyrmions, [21, 22] most recent studies have either completely ignored the role of temperature in skyrmion formation or considered it trivially, focusing only on the temperature dependence of the magnetic properties of the system. The underlying physical processes of such thermally induced nucleation still remain unclear.
A recent theoretical study has revealed through atomi stic simulations that thermal energy alone can lead to dyna mical changes in the net skyrmion charge Q in Pd/Fe/Ir(111) ultrathin films. [35] Here, we experimentally find a similar thermally driven increase in Q after injecting current pulses into Pt/CoFeB/ MgO multilayers with ultralow-pinning. We study the currentinduced magnetic patterns as a function of magnetic field and temperature and show that current pulses can be used to drive transitions amongst skyrmionic, labyrinth, and stripe-like morphologies in a controllable way. We find that the resulting magnetic pattern is defined mainly by the peak transient sample temperature during the pulse transmission, while currentinduced torques play a minor role. By using atomistic Langevin spin dynamics simulations, we demon strate directly how the skyrmion generation occurs through thermal excitations of the initial stripe state. This work yields key insights into the generation of various morphological states in chiral ferromagnets, their relative stability, and the thermally driven transformations between them. Our findings have practical applications, including the creation, stability, and current-driven motion of zero-field skyrmions, and reliable skyrmion generation using single current pulses with a duration down to a few ns.
For this study, we have synthesized thin films of [Pt(2.7 nm)/ CoFeB(0.86 nm)/MgO(1.5 nm)] ×15 multilayers grown by sputter deposition and patterned into two-micrometer wide tracks with contacts at either end for electrical current pulse injection (see the Experimental Section). The resulting material (Figure 1a) exhibits PMA with an in-plane saturation field of 0.9 T and the out-of-plane hysteresis loop shown in Figure 1b , where the low zero-field remanence implies a multidomain state. The DMI constant is D ≈ 1.76 mJ m -2 , which is sufficient to ensure a homochiral Néel texture for domain walls and skyrmions, [36] as calculated in the Supporting Information and evidenced experimentally below. For this material, we employ high-resolution scanning transmission X-ray microscopy (STXM) (Figure 1c ) to perform temperature-dependent imaging of magnetic states.
First, we reveal the distinct room temperature magnetic states that the system exhibits, which can be accessed through current-pulse excitation under various magnetic bias fields. Prior to all measurements we apply an alternating-field demagnetization cycle, which yields an initial multidomain state with a labyrinth character as depicted in Figure 1d . This state develops from some random elements of the demagnetization cycle (the field inhomogeneities, geometry and original magnetization pattern) and does not necessarily correspond to a global energy minimum. [37, 38] The effects of the application of a train of 10 4 bipolar current pulses with the voltage of 2.6 V and pulse width of 7.5 ns (corresponding to a current density j ≈ 4.3 × 10 11 A m -2 ) are shown in Figure 1e -g for increasing values of the out-of-plane (OOP) magnetic field at room temperature. Here, bipolar pulses are used instead of unipolar pulses to minimize current-induced displacement and thus highlight changes to the magnetic state. At zero field, the labyrinth structure evolves into a system of aligned stripes, as can be seen in Figure 1e . The stripes can align either parallel or orthogonal to the current flow depending on the applied voltage (see the Supporting Information). Under absence of a magnetic field, no further evolution of orthogonal stripes state occurs upon subsequent current-pulse injection. However, if the same pulse excitation is applied in conjunction with an OOP bias field, skyrmions are produced (Figure 1f,g ), either coexisting with stripes at lower field (Figure 1f ) or as a disordered array at higher field ( Figure 1g ). We find that skyrmions are generated regardless of the initial state as long as the current density is above some threshold value j thr sky (which is dependent on magnetic field and temperature) and the field is below the saturation value. Figure 1h ,i shows that the effects of current pulses are cumulative, and that with fewer pulses injected (here 100 pulses, with similar characteristics as in Figure 1e-g ), the transition to the skyrmionic state is incomplete.
The state in Figure 1i allows us to conveniently probe the effects of current-induced spin-orbit torques on domains and skyrmions simultaneously, and to verify their homochiral nature and low-pinning behavior. We find a critical current for domain wall and skyrmion displacement of ≈1 × 10 11 A m -2 in this material, consistent with previous experiments. [5, 13] As seen in Figure 1j ,k, single unipolar current pulses act to uniformly displace both the stripe domains and the skyrmions, in a direction opposite to the electron flow, consistent with the expected behavior for left-handed chiral Néel domain walls and skyrmions under the action of the damping-like torque induced by spin accumulation due to the spin Hall effect in Pt. [39, 40] The concurrent and synchronous displacement of all magnetic features indicates an absence of strong pinning centers in this material, as also evidenced in pump-probe experiments (see Movie in the Supporting Information) and in our earlier work. [13] Hence, the current-induced skyrmion generation that we examine here is fundamentally different from that studied in prior works, [22, [30] [31] [32] [33] [34] where local inhomogeneities such as pinning centers mediated the skyrmion nucleation.
Next, we focus on understanding the conditions leading to pulsed-current skyrmion generation. For this, we fix the applied www.advmat.de www.advancedsciencenews.com OOP magnetic field to the values at which a skyrmion lattice can be easily accessed, and vary the current pulse characteristics. Figure 2a Since current can apply both a torque (due to spin-orbit effective fields) and energy (due to Joule heating), we vary next the pulse shape characteristics to isolate each of these factors and determine the dominant driver of the morphological transition. Figure 2b shows the results of experiments in which we decrease the voltage amplitude of the bipolar pulse trains, but increase the pulse width to maintain identical Joule dissipation. The amplitude of the shortest-duration pulses is chosen to be safely above the threshold identified in Figure 2a . We find that all the resulting states are equivalent, regardless of current pulse amplitude, even when (1) is focused with a zone plate (2) on the sample (4) located on a SiN membrane (5) in the presence of an applied outof-plane magnetic field. An order selecting aperture (3) is employed to pass the first order diffraction and to avoid the illumination of the sample from the zero-order light. The transmitted beam is collected at the detector (6). The current pulses (7) are injected through gold pads (8) that are connected to the sample. d-g) Magnetic states resulting from the application of trains of 10 000 bipolar pulses with 7.5 ns pulse width and (transmitted) pulse amplitude U = 2.6 V to d) the initial demagnetized state leading to e) the aligned stripe state, f) the mixed state, and g) the skyrmion state. Another mixed state (i) has been achieved by applying a train of 100 pulses with U = 2.7 V and 5 ns pulse width from the initial labyrinth state at 20 mT (h). j,k) The subsequent homogeneous motion has been induced by the repeated application of single unipolar pulses with U = 3.6 V and 5 ns pulse width. Figure 2b are all isothermal by design, this result indicates that the threshold current for skyrmion generation is not related to the torqueinduced nucleation threshold that was previously identified in zero K simulations, [31, 32] but merely a thermal effect. To further highlight this, Figure 2d shows the sequence of measurements in which we apply various single composite pulses that deliver the identical amount of current-induced torque. The pulses consist of a single 5 ns spike of 0.3 V on top of a 128 ns base pulse, with the base amplitude chosen to be near the skyrmion creation threshold of ≈0.15 V (see sequence in Figure 2c) . By varying the delay Δt 0 of the spike (Figure 2d ), we can observe that the final morphologies can be either the labyrinth state (for short delays), or the skyrmion state (for longer delays). Indeed, the longer a delay, the higher the maximum sample temperature, which, as we will see later, can lead to different final states. Thus, the results observed in Figure 2b ,d confirm that the transition to a skyrmionic state is thermally induced, in accordance with a similar suggestion made in ref. [21] .
To directly ascertain the importance of temperature, we perform experiments at varying substrate temperatures, using a temperature-controlled cryostat. We begin by applying an increasing number of bipolar pulse trains of fixed amplitude and at constant magnetic field as presented in Figure 3a . We observe that for these pulse parameters, single pulses are insufficient to generate skyrmions, but as the number of pulses increases, skyrmion generation is eventually observed. A key observation is that the number of pulses required depends strongly on the nominal substrate temperature. At 334 K it only takes a few pulses to trigger the skyrmion transition, while at 243 K, even the application of 10 000 pulses generates only a few skyrmions. These results suggest that there is a critical temperature at which the skyrmion transition occurs, and that the energy of a single pulse does not heat the sample enough at these substrate temperatures, but cumulative heating by multiple pulses sufficiently raises the sample temperature.
Our in situ real-time resistance measurements (see the Supporting Information) indicate that the fabricated wires heat up by ≈100 K at the peak of the pulse injection, which results in noticeable STXM contrast variations during dynamic pump-probe measurements (see Movie in the Supporting Information). This heating also allows us to understand the observation in Figure 1i wherein the partial generation of skyrmions occurs away from the contact pads. The pads act as heat sinks, so the temperature near the middle of the wire is higher than at its ends where stripes remain. [41] One can anticipate then that single, short current pulses should generate skyrmions if the amplitude is large enough to heat the sample beyond the skyrmion transition temperature. This is demonstrated in Figure 3b , in which we apply a single unipolar pulse of fixed 2.9 V amplitude with increasing pulse width, and find that a 6 ns long pulse completely transforms the system to a skyrmionic state.
To understand the origin of the observed morphological transitions, we now examine the zero K energetics of the labyrinth, stripe, and skyrmion patterns versus the OOP magnetic field, which we find in Figure 1e -g to be critical in determining the final state after current-pulse excitation. For each pattern and field, we employed micromagnetic simulations (see the Experimental Section) and identified the states with minimum total energy, which we depict in Figure 4 . First, we see that the ground state of the system transitions from the ordered stripe phase to the skyrmions lattice phase as the OOP field crosses a threshold B thr (30 mT in Figure 4 ). We can also see that the labyrinth state, with which we initialize all our experiments, is always the highest in energy, no matter what field is applied. This state, however, can still represent a local energy minimum, [38] as transitioning to a ground state requires overcoming energy barriers associated with the creation of intermediate high-energy states. [37] To check if heating the system (via either current-induced Joule heating or sample heating) can help overcome such barriers and access transitions between the different states, we employ atomistic spin dynamics simulations at finite temperature (see the Experimental Section). The results are presented in www.advmat.de www.advancedsciencenews.com temperatures corresponding to 20%, 40%, and 80% of T c , starting from the demagnetized stripes state. The spin texture then thermalizes within several nanoseconds in the presence of a small magnetic field, which results in the net magnetization increasing from M/M s = 0 to ≈0.05 as shown in Figure 5a . At low temperature, the probability of creating isolated skyrmions is too low and therefore the skyrmion number Q (which can only take integer values) remains constant and zero as shown in Figure 5b . This probability, however, increases exponentially with temperature [42] and raising T to 4/5T c is enough to create and delete skyrmions every 0.1 ns (see the Video in the Supporting Information) as shown in the fluctuations of Q (black points). The average Q at this temperature still remains zero.
We then take the spin texture at 4/5T c and cool it down to 1/5T c (the applied current is switched off in experiments) as shown with the green points in Figure 5a ,b. After cooling, the magnetization increases up to 0.1, which indicates the presence of skyrmions. [43] Note that the resulting skyrmions remain frozen and with a finite Q. As a side note, since thermal excitations are achiral, both skyrmions and antiskyrmions can be created, but in our case, the DMI favors skyrmions over antiskyrmions, which results in a very short lifetime for the latter. Also, the entropic effects, which become relevant at temperatures approaching T c , [44] are not accounted for by our analysis.
Since we have shown that thermal excitations can create skyrmions, we now demonstrate that one can controllably transition between stable and metastable states using fields and applied currents. We use as an example the generation and current-induced motion of skyrmions at room temperature and zero field, which, as shown before, are not the ground state under these conditions. We first generate a skyrmionic state (Figure 6a,b) from the labyrinth state at an OOP field of 20 mT (or likewise, from the demagnetized state as in Figure 6f -h), which shifts the ground state configuration from stripes to a skyrmion lattice. The temperature rise enables the system to reach the new ground state, and after subsequently removing the field, the skyrmions indeed survive (Figure 6c,i) . Their radius, though, increases in order to decrease the net magnetostatic energy. These zero-field skyrmions can subsequently be displaced by unipolar current pulses (Figure 6c,d) as long as the Joule heating is low enough to prevent recovery of the stripe-like ground state. This transition is evident after the application of bipolar pulse trains (Figure 6e,j) , where the cumulative heating eventually changes the morphology of the system into the aligned stripes state.
We have seen that at room temperature, the skyrmionic state remains stable only under some bias magnetic field, B > B thr (Figures 6b,h) . However, at higher temperatures we find that the point of the skyrmionic transition B thr shifts to lower fields. This trend is illustrated in Figure 6k , where we plot the states that result from applying bipolar pulse trains of amplitude (U) as a function of the OOP field (B) and the substrate temperature (T). For voltages below 1.3 V, the initial labyrinth state remains unchanged, which, in line with our earlier discussion, is likely due to an insufficient thermal energy to overcome the morphological barriers. However, the B-T slice at U = 2.6 V represents a particular interest, as it reveals that: i) for temperatures above 350 K stable skyrmions can be found even at zero field, ii) our multilayers qualitatively follow the established trend in fieldtemperature bulk phase diagrams of the stripes-to-bubbles [44] [45] [46] [47] and stripes-to-skyrmions transitions. [26, 27] Our work, thus, constitutes the first experimental demonstration that a similar phase space exists in high-DMI and applications relevant metallic thin film systems at elevated temperatures.
In summary, we have shown that ultralow-pinning Pt/ CoFeB/MgO multilayer stacks exhibit several distinct morphological phases whose stability is dictated by temperature and applied field. Transitions between phases can be triggered by transient Joule heating due to current-pulse injection which, in combination with the applied field, allows us to select desired phases and create magnetic skyrmions on demand. A valid technological implication of our results then is that by applying heating locally one could create skyrmions in predetermined areas in a device. These heat-induced skyrmions, unlike the ones generated by defects, [22, 31, 32] could then be displaced freely without the need to drive them away from a pinning site. We demonstrate that in this material, an entire array of skyrmions can be generated reliably with just a single fewnanosecond-long pulse. Finally, we establish multiple ways to obtain the zero-field skyrmions that can be readily manipulated by current. Our findings provide new fundamental insights and reveal new mechanisms for the creation of skyrmions, which are essential ingredients for future spintronic applications.
Adv. Mater. 2018, 1805461 
Experimental Section
The details of the experimental and simulation methods are available in the Supporting Information.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure 6 . a-e) The generation of metastable zero field room-temperature skyrmions from a magnetized (stable) skyrmions state (b), which, in turn, has been directly obtained by applying 100 bipolar pulses of 2.7 V to a labyrinth state (a). c) Zero field metastable skyrmions achieved by removing the OOP field. c,d) The uniform motion of zero-field skyrmions after the application of three unipolar pulses of 2.7 V amplitude and 5 ns duration. e) The subsequent stable stripe state that was created from the application of bipolar pulses to such metastable skyrmions state. f-j) The generation of metastable zero field room-temperature skyrmions (i) from the stable skyrmion state (h), which in turn was obtained from a zero field stripe state (g). k) Experimental B-T-U phase diagram. Each state is obtained from the initial labyrinth state by injecting 10 000 bipolar pulse excitations with a period of 2 µs and the distance between bipolar pulses of 1 µs. Each individual pulse has a width of 7.5 ns with a sub-nanosecond rise time. Note that injecting stronger pulses is similar in effect to raising the substrate temperature. l) Stable zero field skyrmions (mixed with stripes) that were attained at the substrate temperature of 379 K by application of pulse trains directly to the 0 mT initial state.
